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Background. Hemodialysis using high flux membranes today is a
commonly used therapy. The primary advantage is the larger
spectrum of molecules removed with these membranes, and the
mechanism of removal is in part due to a phenomenon of filtration
and backfiltration along the length of the hollow fibers. We
hypothesized that increasing the filtration and backfiltration fluxes
by modifying the structure of the dialyzer could enhance the
convective transport of various solutes.
Methods. A modified high flux dialyzer was compared to the
standard model in terms of pressure profiles, filtration-backfiltra-
tion rates and solute clearances. The modification consisted on
the placement of a O-ring around the fiber bundle to create a
resistance for the flow of the dialysis solution external to the
fibers. The study on filtration fluxes was carried out using a
scintigraphic method previously described, and solute clearances
were studied during ultrafiltration-controlled hemodialysis ses-
sions.
Results. Utilizing a net filtration condition proximal to zero, the
rates of proximal filtration and distal backfiltration in the exper-
imental dialyzer were significantly enhanced in comparison with
the standard dialyzer. The pressure drop in the dialysate compart-
ment could be increased significantly, thus permitting an increase
in the positive transmembrane pressure in the first half of the
dialyzer and a parallel increase in the negative transmembrane
pressure in the second half of the dialyzer. This resulted in a
significant enhancement of the convective transport of middle-
large solutes as demonstrated by the increase in vitamin B12 and
inulin clearances.
Conclusions. This approach suggests that changes in design of
the dialyzer may affect its performance. The use of internal
filtration is suggested to improve convection and dialyzer effi-
ciency for larger solutes without the requirement for high volumes
of replacement fluid, as is the case for current hemodiafiltration
techniques.
The introduction of high flux membranes and the use of
high blood flows have permitted and improvement in the
efficiency of hemodialysis treatment [1, 2].
In particular, the convective removal of middle to high
molecular weight solutes has been remarkably enhanced
[3]. This is due to the increased hydraulic permeability
coefficient (Kuf) of these membranes that permits larger
amounts of ultrafiltration and therefore an increased con-
vective transport [4].
Synthetic high-flux membranes have been used both in
Europe and USA, with different modes of application [5,
6].
In Europe, hemodiafiltration (HDF) is used as a modal-
ity for the treatment of chronic renal failure. Conventional
HDF utilizes large convective transport with ultrafiltration
rates above 70 ml/min. However, since the ultrafiltration
rate exceeds the rate of desired weight loss in the patient,
sterile raplacement fluid must be administered. The re-
placement fluid is administrered to the patient at a flow
rate determined by the scheduled weight loss over time
(Net Ultrafiltration rate 5 Total Ultrafiltration rate 2
Reinfusion rate). Total ultrafiltration varies between 12
and 15 liters per session. The enhanced convective trans-
port in HDF aids in the removal of middle to high
molecular weight solutes such as beta-2 microglobulin [7].
The major drawbacks of this treatment are the complexity
of the system and the increased costs over conventional
hemodialysis.
In USA, high flux membranes are commonly utilized in
high flux dialysis (HFD) where net filtration rates are
volumetrically controlled, and therefore large filtration
rates are counterbalanced by significant amounts of back-
filtration. In this setting, convective transport is partially
maintained and the clearance of large molecules is im-
proved over conventional hemodialysis, although not as
much as in HDF.
The magnitude of net filtration in HFD is limited by the
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ultrafiltration control system of the dialysis machine. The
amounts of true filtration and backfiltration, on the con-
trary, are determined by the hydraulic permeability and
surface of the membrane, by the geometry of the dialyzer
and by the hydrostatic and oncotic forces acting on the
blood and dialysate sides of the membrane. Specific pres-
sure and ultrafiltration profiles can therefore be schema-
tized for different treatments. Practical results in terms of
clearances are reported in Figure 1.
In a previous study, we measured the water fluxes in a 1.8
m2 high flux dialyzer utilized in an expertimental high flux
dialysis circuit at zero net filtration [8]. In such conditions
the rate of filtration, and concomitantly the rate of back-
filtration, was approximately 30 ml/min.
The aim of the present study was to determine if
convective transport and the rates of filtration-backfiltra-
tion in high flux dialysis could be increased by altering the
structure of the hollow fiber dialyzer. Such a result was
theorized be achieved by increasing the pressure drop both
in the blood and the dialysate compartments such to
increase the positive transmembrane pressure gradient in
the proximal part of the filter, and the negative pressure
gradient in the distal part. This could be performed by
several methods; however, an economical method was to
use a fixed O-ring on the dialysate side, to alter the pressure
profile at least in the dialysate compartment within the
dialyzer. This was expected to increase proximal filtration
and distal backfiltration, by increasing the resistance to flow
in the dialysate compartment, with improved convective
removal of large solutes and no need for replacement
solution. The net fluid balance in fact remained unchanged.
METHODS
Prototype dialyzer design
A Fresenius HF80 high flux polysulfone 1.8 m2 hollow
fiber dialyzer was modified in collaboration with the Fre-
senius Medical and R&D departments by adding a resis-
tance to the dialysate flow in the dialysate compartment. A
fixed O-ring was inserted around the hollow fiber bundle to
alter the dialysate pressure profile (Figs. 2 and 3). This
modification was done to increase the pressure drop from
the inlet side to the outlet side of the dialysate compart-
ment. The idea was to force the dialysis fluid to enter the
fibers in the distal part of the filter (backfiltration) and to
leave the fibers in the proximal part of the filter (direct
filtration).
Table 1 compares the function of both the standard filter
and the modified filter.
Fig. 1. Schematic representation of the mechanisms of function of three principal dialysis techniques. In hemodialysis the filtration rate is maintained
at minimal values due to the low permeability of the membrane. Despite a positive transmembrane pressure gragient along the length of the dialyzer
small amounts of ultrafiltrate are produced and no replacement is needed. Small solute clearances are excellent but larger solutes are poorly cleared
by this treatment. In hemodiafiltration, high flux membranes are employed. At similar transmembrane pressure gradients, much higher ultrafiltration
rates are achieved and replacement is required to maintain fluid balance. Since diffusion and convection are conveniently combined, both small and large
solute clearances are good. In high flux dialysis, high filtration rates are volumetrically controlled by the machine and a typical profile of
filtration-backfiltration is achieved inside the filter. Due to this pressure profile, convection is still maintained in the proximal part of the dialyzer and
large solute clearances are higher than in hemodialysis but lower than in hemodiafiltration. The proximal convective transport is masked by a distal
backfiltration creating a condition of internal hemodiafiltration where the replacement is constituted by the incoming dialysate.
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In vitro study
The modified O-ring dialyzer was compared to a stan-
dard Fresenius HF80 hollow fiber dialyzer by monitoring
dialysate inlet and outlet pressures using blood and dialy-
sate in a zero net filtration closed circuit (Fig. 4). Tc99
albumin macroaggregate (99TcAlbMA), a nondiffusable
marker molecule, was added to the blood in order to
measure filtration and backfiltration with a gamma camera
according to a method previously described by Ronco et al
in 1992 [8]. Pressure drops in the dialysate compartment
were assessed with blood flow rates (Qb) 5 350 ml/min and
dialysate flow rates of 500 ml/min and 800 ml/min.
Cumulative filtration (Uf) was calculated by the percent
positive variation of the concentration of the marker mol-
ecule from the inlet of the filter to the point of peak value
along the length of the dialyzer, by the formula:
Uf 5 Qbi 3 ~1 2 Ci/Cx!
where UF is filtration, Qbi is the inlet blood flow rate, Ci is
the count of the marker molecule at the inlet of the
dialyzer, and Cx is the peak count of the marker molecule
along the length of the dialyzer.
Fig. 2. Schematic representation of the
modification applied to the high flux dialyzer.
A fix O-ring is applied external to the bundle to
generate a significant resistance in the dialysate
compartment to the flow of the dialysis
solution.
Fig. 3. The O-ring in place around the fiber bundle.
Table 1. Comparison of hemofilters
Standard HF 80 O-Ring modified HF 80
Qb 350 350 350 350
Qd 500 800 500 800
Pbi 259 6 14 335 6 18 255 6 15 331 6 16
Pbo 80 6 9 156 6 10 84 6 7 165 6 9
Pdi 85 6 8 165 6 14 96 6 9 184 6 16
Pdo 20 6 6 23 6 8 21 6 6 14 6 7
DPd 65 6 4 142 6 6 75 6 5 170 6 8
Abbreviations are: Qb, blood flow (ml/min); Qd, dialysate flow (ml/
min); Pbi, hydrostatic pressure at the inlet of the blood compartment of
the filter (mm Hg); Pbo, hydrostatic pressure at the outlet of the blood
compartment of the filter (mm Hg); Pdi, hydrostatic pressure at the inlet
of the dialysate compartment (mm Hg); Pdo, hydrostatic pressure at the
outlet of the dialysate compartment of the filter (mm Hg).
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The cumulative backfiltration (Bf) was determined by
the percent negative variation of the concentration of the
marker molecule from the point of the peak value to the
outlet of the dialyzer by the formula:
Bf 5 Qbo 3 (1 2 Co/Cx) 5 (Qbi 2 Uf) 3 (1 2 Cx/Co)
where Qbo is the blood flow at the outlet of the filter, and
Co is the count of the marker molecule at the outlet of the
dialyzer (Fig. 5).
The scintigraphic pattern of the dialyzer was acquired
utilizing a Toshiba GCA 90 b Gamma Camera equiped
with a Leap Collimator and stored on a 256 3 256 matrix
with a 1.5 zoom as previously described.
During this study, simultaneous measurements of blood
inlet and outlet, and dialysate inlet and outlet pressures
were performed. The pressure drop in the dialysate com-
partment was calculated at different dialysate flow rates.
In vivo study
The modified and the standard dialyzers were tested in a
randomized sequence in 10 end-stage renal disease patients
on regular dialysis treatment. In each patient the standard
Fig. 4. Set-up of the in vitro circuit. Closed dialysate and blood circuits prevent any possible net ultrafiltration. The dialyzer is placed on a collimator
of a gamma camera and the marker molecule is injected in the blood circuit. A geiger Muller counter ensures that no leaks occurred in the membrane.
The set up permits the measurement of the pressure profiles and of the concentration of the marker molecule along the length of the fibers. Increases
in concentration stay for ultrafiltration while decreases in concentration stay for backfiltration [8].
Fig. 5. The relative changes in concentration of
the marker molecule are displayed for the two
filters along the length of the fibers. The HF80
(modified O-ring) is represented by the solid
line (filter-backfilter 5 44.1 ml/min) and the
HF 80 (standard) is represented by the dotted
line (filter-backfilter 5 30.9 ml/min). It is
evident that no net filtration occurred since the
concentration of the molecule is equal at the
inlet and at the outlet of the filters. The peak
values are obtained in the mid length region
and are significantly different for the two filters
(net filtration 5 0).
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and the modified dialyzers were studied in two subsequent
mid-week dialysis sessions. The Qb was set at 350 ml/min
and Qd set at 800 ml/min. Treatment time was 180 minutes
in all sessions. Dialysate flow rate was set at 800 ml/min
because of the in vitro results displaying the best pressure
differentials. The pressure drop in the dialysate compart-
ment was monitored by digital manometers (Digidyne,
Renal System, USA). The extracorporeal solute clearances
were determined for urea, creatinine, phosphate, vitamin
B12 and inulin both from the blood and dialysate sides
using the following clearance formulas:
Blood side clearance ~ml/min! 5 @~Cbi
2 Cbo! Qbi/Cbi!]/@~CboQf!/Cbi#
where Cbi is the blood inlet concentration, Cbo is the blood
outlet concentration, Qbi is the inlet blood flow, and Qf is
the ultrafiltration rate. For solutes confined to plasma
water, blood flow was substituted with plasma flow.
Dialysate side clearance ~ml/min! 5 ~Cdo 3 Vdo!/Cbi
where Cdo is the dialysate outlet concentration, and Vdo is
the dialysate outlet flow.
Clearance values were calculated from the mean of the
blood and dialysate side measurements. Urea mass balance
error less than 5% was considered acceptable to validate
the study.
RESULTS
In vitro
The pressure drop in the dialysate compartment of the
two studied filters are reported in Figure 4. It is evident that
the maximal pressure drop from dialysate inlet to the outlet
is obtained at 800 ml/min. The O-ring generates its maximal
effect in this conditions of flow.
The results of the scintigraphic analysis of the
99TcAlbMa concentration profiles for both the Modified
HF 80 and Standard HF 80 dialyzers are displayed in
Figure 5. The peak change in concentration, as compared
to the inlet value, for the Modified dialyzer is 21,4%
implying filtration-backfiltration rates of 44.1 ml/min. The
peak concentration change for the Standard HF dialyzer is
only 12.6% implying a 30.9 ml/min ultrafiltration-backfil-
tration. The similar values of concentrations of the marker
molecule found at the inlet and at the outlet of the filter,
demonstrate that no net filtration occurred in the filter.
This, however, was a pre-condition for the study and was
hydraulically warranted by the use of sealed blood and
dialysate circuits (Fig. 6).
The inlet and outlet blood and dialysate pressure mea-
surements permitted the calculation of the pressure drop in
both compartments and the pressure profiles along the
length of the dialyzer. With a blood flow of 350 ml/min, the
drop in pressure at Qd 5 500 ml/min was 75 mm Hg in the
Fig. 6. The absolute radioactive counts at
different points along the length of the
dialyzers. Significant increases occur in the mid
length region, but the increase in the modified
dialyzer (u) is significantly higher compared to
the increase observed in the standard dialyzer
(f).
Fig. 7. The pressure drop in the dialysate compartment is significantly
higher in the modified dialyzer (solid line) versus the standard dialyzer
(dashed line). The effect is maximally evident at 800 ml/min of dialysate
flow (Qb 5 350 ml/min).
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modified HF dialyzer, while it was only 65 mm Hg in the
standard HF dialyzer. When Qd was increased to 800
ml/min the pressure drop for the modified HF dialyzer
increased to 170 mm Hg, while the standard HF dialyzer
only increased to 142 mm Hg (Fig. 7). The increase in
dialysate flow yielded increases in pressure drops for both
dialyzers, however, the magnitude of the increase for the
modified HF dialyzer was greater than for the standard HF
dialyzer.
In vivo
No technical problems occurred during the studied dial-
ysis sessions. Ultrapure dialysate was utilized for the exper-
iments using an on-line hemofilter specially designed for
maintaining microbiological purity of the dialysate before
delivery to the dialyzer. As a consequence, no pyrogenic
reactions were observed during the sessions. Figure 8
displays the measured clearances for urea, creatinine,
phosphate, vitamin B12 and inulin for both the modified
and the standard dialyzers. There was a significant differ-
ence between the modified dialyzer and standard dialyzer
for vitamin B12 clearances (P , 0.005) and inulin clear-
ances (P , 0.005). The clearances of urea, creatinine and
phosphate were not significantly different between the two
dialyzers.
DISCUSSION
Hemodiafiltration has the benefit of enhanced middle to
high molecular weight solute clearances, however, the need
to reinfuse sterile substitution fluid makes this modality
complex and costly. Volumetrically controlled hemodialysis
with high flux membranes (high flux dialysis), also improves
middle to high weight molecule clearances as compared to
standard hemodialysis, without the need for substitution
fluid. The convective removal of large molecules is depen-
dent of the rate of filtration, and the rate of filtration is
limited by the hydraulic and oncotic forces on each side of
the membrane. This pressure differential is termed the
transmembrane pressure (TMP). When the TMP is posi-
tive, the water flux is from the blood compartment to the
dialysate compartment. When the TMP is negative, back-
filtration occurs. The aim of this study was to enhance the
removal of the middle to high weight molecules by increas-
ing the positive pressure differential in the proximal part of
the dialyzer and by parallel increase of the negative pres-
sure differential in the distal part of the dialyzer. This
would result in increased rates of filtration and backfiltra-
tion without affecting the “net” filtration rate.
The relationship of TMP, Uf and Kuf is expressed in the
equation:
Kuf 5 Uf/TMP
High flux membranes have a Kuf . 20 ml/hr/mm Hg. This
implies that these membranes can have UF rates in of 4,000
ml/hour with TMP 5 300 mm Hg. The clearance of middle
to high weight molecules at this UF rate would be ideal,
except that the patient cannot tolerate these rates. This
does express the capabilities of the membrane in relation to
total possible filtration. Hemodiafiltration, as carried out in
Europe, operates in these conditions, but significant
amounts of replacement fluid are required to maintain the
patient’s fluid balance.
Fig. 8. Solute clearances are displayed for the two groups of dialyzers. While no effect is observed for the small solutes, the clearances of larger solutes
are significantly higher in the modified dialyzers. N 5 10 in both groups.
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In high flux dialysis, volumetric control regulates the net
ultrafiltration; however, as stated previously, the filtration is
limited by the hydraulic and oncotic forces in the dialyzer.
Modification of the dialyzer structure could increase the
peaks of positive and negative TMP along the length of the
dialyzer, thereby increasing filtration and backfiltration [9].
Of course, a high quality of dialysate is needed to perform
such a treatment [10].
The fixed O-ring in the dialysate compartment serves to
increase the pressure differential across the membrane
(TMP) without reducing the surface area of the blood
compartment. This resulted in a positive increase in the
transmembrane pressure in the proximal half of the dialyzer
and a negative increase in the distal portion of the dialyzer.
The result is an improved filtration rate in the proximal half
of the dialyzer with a complementary increase in backfil-
tration in the distal part of the dialyzer. With net filtration
rates near zero, the increases in filtration and backfiltration
were enhanced by approximately 50% compared to the
standard high flux dialyzer.
In vivo analysis of middle to high weight molecule
removal demonstrated the benefits of increased filtration
resulting from the O-ring modification. Although urea,
creatinine and phosphorus clearances were not changed as
expected by their high diffusion coefficients (poorly af-
fected by changes in convection) the clearance of vitamin
B12 and inulin were improved by approximately 30% using
the modified HF80 dialyzer.
In conclusion, modifications in the design of standard
dialyzers may lead to new interesting performances. Newly
conceived dialyzer may therefore appear in the coming
future with enhanced capability of convective transport,
leading to simplified hemodiafiltration techniques without
need for replacement solutions.
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